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1.  Introduction 


Vitreloy  106  is  a  zirconium-based  bulk  metallic  glass  (BMG)  with  an  intended  composition  of 
Zr57Nb5Cui5.4Nii2.6Alio,  given  in  atomic  percents,  or  Zr67.95Nb6.07Cu12.79Ni9.66Al3.53  in  weight 
percents.  It  has  a  density  of  6.7  g/cm3.  With  ultrasound  measurements,  it  was  determined  that 
this  BMG  has  a  longitudinal  wave  velocity  of  5350  m/s,  a  shear  wave  velocity  of  2420  m/s,  and 
thus  a  bulk  sound  velocity  of  4562  m/s  (i).  For  comparison,  copper  has  a  density  of  8.9  g/cm 
and  a  bulk  sound  velocity  of  3980  m/s.  At  present,  Vitreloy  106  and  its  higher  density  deriva¬ 
tives  are  candidate  materials  for  use  as  the  binder  matrix  for  tungsten-reinforced  composite 
kinetic  energy  penetrators.  However,  the  material  was  never  investigated  regarding  its  potential 
use  as  a  shaped  charge  liner  material. 

The  use  of  a  material  as  a  shaped  charge  liner  means  that  it  will  be  subjected  to  extremely  high 
strains,  strain  rates,  pressures,  and  temperatures  (2).  In  general,  the  behavior  of  any  material 
during  these  conditions  is  not  known.  Historically,  the  best  shaped  charge  liner  materials  are  pure 
metals  (2).  On  one  hand,  alloys  of  metals,  with  a  few  exceptions,  do  not  form  ductile  coherent 
jets,  and  the  jet  is  diffuse  or  spreads  over  time.  On  the  other  hand,  jets  that  are  fluid  in  nature  do 
not  particulate  or  break  into  particles  as  most  metallic  jets  do.  Simple  oxide  glass  liners  also 
perform  well,  but  their  penetration  is  low  because  of  the  low  density  of  the  jet.  Shaped  charge 
liners  fabricated  from  pressed  powders  (usually  a  tungsten,  copper,  graphite  mixture),  as  those 
used  in  the  oil  well  industry,  are  coherent  but  tend  to  dissipate  over  time  (5).  For  the  oil  well 
industry,  this  is  not  a  major  problem  since  the  jet  engages  the  target  at  short  stand-off  distance. 
Vitreloy  106  was  assumed  to  behave  somewhat  like  a  powder  liner  because  of  its  composition. 
The  current  study  was  an  attempt  to  determine  the  exact  nature  of  the  jetting  behavior  from  a 
shaped  charge  liner  of  Vitreloy  106. 


2.  Experimental  Program 


2.1  Shaped  Charge  Liner  Geometry 

Several  conical  shaped  charge  liners  were  fabricated  by  injection  molding  at  Howmet  Corporation 
(4)  for  the  U.S.  Armament  Research,  Development,  and  Engineering  Center  several  years  ago  but 
were  never  tested.  Two  sets  of  liners  were  obtained  from  Howmet;  one  set  was  made  from 
Vitreloy  1,  and  the  other  set  was  made  from  Vitreloy  106.  Because  Vitreloy  1  contains  about  3 
weight  percent  (wt  %)  beryllium,  we  decided  not  to  test  it  as  a  shaped  charge  liner.  Therefore,  the 
study  was  conducted  to  determine  the  suitability  of  Vitreloy  106  as  a  possible  jetting  material  only. 
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The  conical  liners  were  typically  86.9  mm  (3.42  inches)  in  outer  diameter  with  a  nominal  42-degree 
apex  angle.  The  liners  had  an  altitude  of  106.1  mm  (4.178  inches).  The  conical  liners  had  a 
cylindrical  knob  or  plug  at  the  apex  which  was  8.3  mm  (0.325  inch)  high  and  12.8  mm  (0.504  inch) 
in  diameter.  The  liners  proved  to  be  “non-precision”  in  that  the  outer  base  diameter  varied  as  much 
as  0.25  mm  (0.01  inch)  and  the  apex  angle  varied  by  as  much  as  0.5  degree  among  the  three  liners. 
Three  Vitreloy  106  liners  were  available,  and  some  were  reported  to  have  pores  or  voids  near  the 
apex  but  no  macro  flaws.  This  claim  was  not  verified  for  each  of  the  three  liners.  However, 
previously,  a  fourth  Vitreloy  106  and  another  Vitreloy  1  liner  were  examined  by  X-ray  radiography 
to  detect  pores,  voids,  or  other  flaws.  As  shown  in  figure  1,  the  primary  flaw  for  the  Vitreloy  106 
liner  (indicated  by  the  red  arrow  and  barely  visible  as  a  dark  blemish)  is  concentrated  at  the  plug  at 
the  apex  of  the  cone.  There  are  no  apparent  voids  in  the  walls. 


Figure  1.  X-ray  radiograph  of  a  typical  Vitreloy  106  shaped  charge  liner. 


The  wall  thicknesses  of  the  other  liners  were  gauged  and  were  again  typical  of  a  non-precision 
part.  The  wall  thickness  was  measured  every  90  degrees  around  the  circumference  of  each  liner 
and  inward  from  the  base.  The  wall  thickness  varied  in  the  longitudinal  and  transverse  planes. 
The  typical  uniform  wall  thickness  was  3.25  mm  (0.128  inch)  or  a  3.75%  wall  based  on  liner 
diameter.  Tables  1  through  3  present  the  gauging  data  for  each  of  the  liners  tested. 
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Table  1.  Gauging  data  for  liner  25. 


Depth  From  Base 
Into  Liner  (mm) 

0  degrees  Wall 
Thickness 
(mm) 

90  degrees  Wall 
Thickness 
(mm) 

180  degrees  Wall 
Thickness 
(mm) 

270  degrees  Wall 
Thickness 
(mm) 

At  Base 

3.327 

3.251 

3.327 

3.327 

19.050 

3.327 

3.251 

3.327 

3.378 

22.225 

3.327 

3.251 

3.353 

3.378 

25.400 

3.302 

3.251 

3.353 

3.378 

34.925 

3.251 

3.175 

3.353 

3.378 

41.275 

3.251 

3.150 

3.353 

3.378 

44.450 

3.175 

3.150 

3.353 

3.302 

50.800 

3.175 

3.099 

3.353 

3.302 

63.500 

3.175 

3.124 

3.378 

3.302 

73.025 

3.175 

3.124 

3.480 

3.327 

76.200 

3.175 

3.150 

3.480 

3.378 

Table  2.  Gauging  data  for  liner  18. 


Depth  From  Base 
Into  Liner  (mm) 

0  degrees  Wall 
Thickness 
(mm) 

90  degrees  Wall 
Thickness 
(mm) 

180  degrees  Wall 
Thickness 
(mm) 

270  degrees  Wall 
Thickness 
(mm) 

At  Base 

3.251 

3.200 

3.124 

3.302 

25.400 

3.302 

3.200 

3.124 

3.302 

31.750 

3.302 

3.175 

3.124 

3.302 

38.100 

3.302 

3.124 

3.124 

3.226 

41.275 

3.251 

3.124 

3.124 

3.226 

50.800 

3.200 

3.124 

3.048 

3.226 

53.975 

3.200 

3.048 

3.048 

3.226 

63.500 

3.251 

3.048 

3.099 

3.302 

76.200 

3.302 

3.048 

3.124 

3.353 

Outer  diameter  =  86.868  mm  (3.420  inches);  (1  inch  =  25.4  mm). 


Table  3.  Gauging  data  for  liner  23. 


Depth  From  Base 
Into  Liner  (mm) 

0  degrees  Wall 
Thickness 
(mm) 

90  degrees  Wall 
Thickness 
(mm) 

180  degrees  Wall 
Thickness 
(mm) 

270  degrees  Wall 
Thickness 
(mm) 

At  Base 

3.200 

3.226 

3.302 

3.226 

19.050 

3.200 

3.226 

3.353 

3.226 

22.225 

3.200 

3.302 

3.353 

3.226 

31.750 

3.200 

3.302 

3.353 

3.175 

38.100 

3.200 

3.302 

3.302 

3.175 

44.450 

3.200 

3.302 

3.302 

3.124 

50.800 

3.073 

3.302 

3.302 

3.048 

56.515 

3.073 

3.302 

3.251 

3.048 

63.500 

3.124 

3.302 

3.251 

3.048 

76.200 

3.124 

3.404 

3.251 

3.048 

Outer  diameter  =  87.122  mm  (3.430  inches);  (1  inch  =  25.4  mm). 
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2.2  Firing  Program 

The  liners  were  loaded  with  65/35  finely  grained  OCTOL2  and  were  vacuum  cast.  The  charge 
diameter  was  101.6  mm  (4.0  inches)  and  the  cylindrical  billet  of  OCTOL  was  190.5  mm  (7.5  inches) 
high.  The  total  warhead  weight  varied  from  2675  to  2780  g.  The  warhead  did  not  have  a  case. 

The  first  two  shots  were  designed  to  determine  the  free-flight  jet  characteristics,  and  the  final  shot 
was  for  penetration.  The  tests  were  conducted  at  the  experimental  range  facility  (ERF)-9  at  the  U.S. 
Army  Research  Laboratory  (ARL).  ERF-9  used  two  150-kilo-electron- volt  (keY)  X-rays  for  the 
early  flash  times  with  orthogonal  flashes  and  three  450-keV  X-rays  for  the  later  times. 

Shot  3618  had  flash  times,  measured  from  the  detonator,  of  58.14  ps  for  the  orthogonal  flashes,  and 
74.18,  174.16,  and  274.44  ps  for  the  later  flash  times. 

Liner  23  was  the  first  round  tested.  The  warhead  weight  was  2780  g.  Figure  2  shows  the  location 
of  the  charge  in  a  protective  barbette  (the  charge  was  located  12.7  mm  (0.5  inch)  behind  the  edge 
of  the  barbette)  and  the  relative  distances  to  the  X-ray  tube  heads.  The  barbette,  which  surrounds 
the  charge,  is  on  the  right,  and  the  witness  pack  (residual  armor)  is  on  the  far  left.  The  result  was  a 
splatter  on  the  first  witness  plate. 


Figure  2.  Schematic  of  the  test  setup  for  shot  3618.  (Shot  3618  was  performed  September  21,  2005  at  EF-9. 
Charge  23  had  a  charge  mass  of  2780  g.  Stand-off  distance  was  2845  mm.  Charge  location  was 
12.7  mm  [0.5  inch]  behind  the  edge  of  the  barbette.) 


Shot  3619  was  the  second  free-flight  radiography  test  designed  to  examine  the  jet  more  closely 
now  that  the  tip  velocity  was  accurately  known.  This  test  used  liner  25  and  the  warhead  weight 
was  2675  grams.  The  variation  in  warhead  weight  from  liner  23  was  attributable  to  the  lack  of 
precision  in  the  liner.  Figure  3  shows  the  location  of  the  charge  in  a  protective  barbette  (the  charge 


2OCTOL  is  a  mixture  of  octogen  (cyclotetramethylene-tetranitramine)  and  trinitrotoluene. 
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was  located  63.5  mm  (2.5  inches)  behind  the  edge  of  the  barbette)  and  the  distances  to  the  x-ray 
heads.  The  flash  times  were  67.1,  124.2,  149.3,  and  174.5  ps.  The  barbette,  which  surrounds  the 
charge,  is  on  the  right,  and  the  witness  pack  (residual  armor)  is  on  the  far  left.  The  result  was 
perforation  of  the  first  witness  plate. 


Figure  3.  Schematic  of  the  test  setup  for  shot  3619.  (Shot  3619  was  also  performed  September  21,  2005  at  EF-9. 
Charge  25  had  a  charge  mass  of  2675  g.  Stand-off  distance  was  1401  mm  [55  inches].  Charge 
location  was  63.5  mm  [2.5  inches]  behind  the  edge  of  the  barbette.) 

The  final  shot  3620  was  designed  only  for  penetration  at  a  shorter  stand-off  distance.  Again,  the 
witness  plates  (target)  consisted  of  a  stack  of  25. 4-mm- thick  (1 -inch- thick)  rolled  homogeneous 
armor  (RHA)  plates.  The  stand-off  distance  was  203.2  mm  (8  inches)  or  two  charge  diameters 
(CDs). 

2.3  Sample  Analysis 

After  the  completion  of  the  three  firing  tests,  the  plates  were  photographed  and  sectioned  to 
examine  the  interaction  surface  between  the  steel  and  the  Vitreloy  106  liner  material.  Sectioned 
pieces  were  further  cut,  cleaned  of  rust,  and  sequentially  polished  for  scanning  electron  micro¬ 
scopy  and  trace  elemental  identification  by  energy  dispersive  X-ray  analysis. 
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3.  Results  and  Discussion 


3.1  Jet  Radiography  and  Overall  Target  Plate  Appearance 

3.1.1  Shot  3618 

The  flash  radiographs  from  shot  3168  are  shown  in  figures  4  and  5.  In  figure  4,  the  jet  travels 
from  right  to  left.  The  first  appearance  of  the  jet  at  the  earliest  flash  time  shows  the  jet  with  a 
large  bulb-like  tip.  In  the  next  flash,  the  jet  bifurcates  or  comes  apart  at  the  tip  and  begins  to 
dissipate  at  later  times.  At  the  last  or  longest  flash  time,  274.44  ps,  the  jet  nearly  disappears. 
This  is  typical  of  powder  jets.  Figure  5  shows  an  enlarged  version  of  the  jet,  at  74. 1 8  ps.  There 
were  gaps  or  hollow  regions  in  the  jet  which  may  indicate  the  presence  of  voids  in  the  liner. 
Another  effect  of  void  or  non-uniformity  in  the  cast  liner  is  manifested  in  the  large  variation  of 
particulate  size  in  the  jet.  The  stand-off  distance  was  2845  mm  or  28  CD  and  the  penetration 
was  small.  The  jet  impacted  the  lower  left-hand  comer  of  the  witness  plate  and  the  maximum 
hole  depth  was  19  mm.  The  jet  tip  velocity  was  measured  to  be  8.3  km/s. 


Figure  4.  Multi-exposure  flash  x-ray  radiograph  of  shot  3618. 


Figure  5.  Key  section  of  the  jet  from  shot  3618.  (Note  the  extensive  particulation,  dispersion,  and  diffusion 
of  the  jet.) 


This  result  is  consistent  with  the  flash  X-ray  in  that  the  jet  was  not  straight  and  was  diffuse. 
Figure  6  shows  the  impact  region  6(a)  on  the  first  witness  plate.  The  lack  of  any  bulging  on  the 
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rear  of  the  plate,  shown  in  6(b),  testifies  to  the  incompleteness  of  the  penetration  into  the  plate. 
As  apparent,  very  little  penetration  was  observed.  It  is  difficult  to  discern  the  damaged  region  of 
the  front  side  of  the  plate  in  the  macro  photographs.  Note  the  bluish-black  discoloration  of  the 
impacted  surface.  Figure  7  shows  a  closer  view  of  the  sectioned  lower  left  comer  with  a  clear 
demonstration  of  fragments  peppering  the  plate  surface  without  any  appreciable  penetration. 

A  higher  magnification  view  of  the  damaged  surface  is  shown  in  figure  7.  The  random  pitting 
pattern  is  caused  by  the  incoherent  jet  breaking  into  fragments  and  impacting  the  plate  surface. 
Most  of  the  pits  are  shallow  and  about  1  to  3  mm  in  diameter,  although  some  of  the  pits  are 
larger  (12  to  15  mm  in  diameter).  In  some  cases,  the  pit  damage  overlaps.  Proportional  to  their 
size,  the  corresponding  pits  are  also  deeper.  The  bluish  discoloration  is  from  staining  and 
adhesion  of  possibly  molten  liner  material.  The  surface  erosion  is  uneven.  Generally,  the  larger 
pits  contain  liner  material. 


Figure  6.  First  witness  plate  for  shot  3618  with  its  front  shown  in  6(a)  and  rear  shown  in  6(b). 
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Figure  7.  Closer  view  of  the  lower  left  comer  of  the  first  witness  plate 
for  shot  3618. 


3.1.2  Shot  3619 

Figure  8  shows  the  flash  radiographs  of  the  jet  from  shot  3619.  Again,  the  jet  exhibits  a 
“powdery”  appearance  with  evidence  of  voids  in  the  jet.  The  jet  dissipates  at  later  times  and  is 
not  straight.  The  stand-off  distance  was  lowered  to  1401  mm  or  13.8  charge  diameters.  The 
penetration  was  greater  than  25.4  mm  (1-inch),  i.e.,  the  jet  penetrated  the  first  1-inch-thick 
witness  plate  and  entered  the  second  plate.  The  depth  of  the  hole  in  the  second  plate  was  about 
15  mm.  Figure  9  shows  the  measured  hole  profiles.  Note  that  the  hole  shape  is  irregular  because 
of  the  diffuse  nature  of  the  jet.  Also,  multiple  impacts  are  present  because  of  the  bifurcation  of 
the  jet.  Figure  10(a)  through  (d)  show  the  macro  photographs  of  the  entrance  and  exit  holes  from 
both  plates. 

Figure  1 1(a)  through  (b)  show  close  views  of  the  hole  patterns  in  the  first  and  second  witness 
plates,  as  well  as  higher  magnification  views  of  the  interior  of  the  cavity  walls  (figure  1 1  [c] 
through  [h])  in  the  front  plate  after  it  was  sectioned.  The  inside  surface  of  the  wall  is  quite  rough 
with  clear  evidence  of  liner  material  adhering  to  it.  There  is  no  discoloration  of  the  very  small 
pits,  less  than  3  mm  in  diameter.  Fine  blue-colored  debris  is  found  to  coat  the  walls  of  the  very 
large  holes  in  the  first  witness  plate.  The  cavities  in  the  second  plates  are  similar  and  small,  blue 
particle  remnants  are  found  at  their  bottoms. 
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Shot  3619 
Dimensions 
in 

mm 


No  Bulge  or  Marks 
On  Back  of  Plate 


Figure  9.  Hole  geometry  for  shot  3619. 
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Figure  10.  Entrance  and  exit  hole  macro  photographs  for  shot  3619.  (Figure  10(a)  and  (b)  show  the  front  and 
rear  of  the  first  witness  plate,  respectively.  Figure  10(c)  and  (d)  show  the  front  and  rear  of  the 
second  witness  plate,  respectively.  Note  again  the  bluish  discoloration  from  the  liner  residue 
adhering  to  the  surface.) 
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Figure  1 1 .  Closer  view  of  the  entrance  holes  into  the  two  witness  plates  from  shot  3619. 

(Figure  1 1(a)  and  (b)  provide  an  overview  of  the  hole  in  the  first  plate  and  the  partially 
penetrated  second  plate.  Figure  1 1(c),  (d),  (e),  and  (f)  magnify  the  damage  to  the  first 
plate.  Figure  1 1(g)  and  (h)  show  the  partial  penetration  to  the  second  plate.) 
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3.1.3  Shot  3620 

In  the  final  shot  3620,  the  jet  penetrated  nine  25.4-mm  (1-inch)  plates  and  4  mm  into  the  tenth 
plate  for  a  total  penetration  of  232.6  mm  (9. 16  inches)  or  2.3  CD.  This  penetration  depth  is  not 
impressive  but  indicative  of  powder  jets  in  that  the  best  penetration  is  achieved  at  short  standoff. 
Table  4  lists  the  hole  profile  data  and  figures  12  through  21  display  photographs  of  the  entrance 
and  exit  holes  for  each  witness  plate.  The  entrance  hole  (first  target  plate)  was  relatively  large 
(about  52.0  mm  [2  inches]),  and  the  holes  were  nearly  circular. 


Table  4.  Hole  profile  data  for  shot  3620. 


Plate  Number 

X(mm) 

Y(mm) 

1 

Entrance 

57 

52 

Exit 

33 

32 

2 

Entrance 

33 

26 

Exit 

28 

29 

3 

Entrance 

24 

28 

Exit 

28 

29 

4 

Entrance 

20 

19 

Exit 

27 

28 

5 

Entrance 

18 

20 

Exit 

28 

23 

6 

Entrance 

20 

12 

Exit 

24 

17 

7 

Entrance 

13 

13 

Exit 

21 

23 

8 

Entrance 

13 

14 

Exit 

15 

15 

9 

Entrance 

15 

15 

Exit 

8 

10 

10 

Entrance 

12 

1 3  (4  mm  penetration) 

Exit 

0 

0 

Examination  of  the  hole  profiles  in  each  of  the  target  plates  revealed  that  unlike  those  seen  in  the 
previous  two  shots,  the  last  shot  produced  a  considerably  smoother  surface  finish.  Moreover, 
while  the  erosion  surfaces  were  again  discolored,  the  coloration  was  less  intense,  indicative  of 
less  residual  Vitreloy  106  liner  material  adhering  to  the  walls.  The  plates  were  cut  and  figures  22 
and  23  illustrate  the  penetration  profile  of  the  jet.  A  closer  view  of  each  of  the  witness  plates  is 
provided  in  appendix  A. 
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Figure  12.  Entrance  12(a)  and  exit  12(b)  holes  of  the  first  witness  plate. 


Figure  13.  Entrance  13(a)  and  exit  13(b)  holes  of  the  second  witness  plate. 
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Figure  14.  Entrance  14(a)  and  exit  14(b)  holes  of  the  third  witness  plate. 


Figure  15.  Entrance  15(a)  and  exit  15(b)  holes  of  the  fourth  witness  plate. 
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Figure  16.  Entrance  16(a)  and  exit  16(b)  holes  of  the  fifth  witness  plate. 


Figure  17.  Entrance  17(a)  and  exit  17(b)  holes  of  the  sixth  witness  plate. 
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Figure  18.  Entrance  18(a)  and  exit  18(b)  holes  of  the  seventh  witness  plate. 


Figure  19.  Entrance  19(a)  and  exit  19(b)  holes  of  the  eighth  witness  plate. 
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Figure  20.  Entrance  20(a)  and  exit  20(b)  holes  of  the  ninth  witness  plate. 


Figure  21 .  Entrance  21(a)  and  exit  21(b)  holes  of  the  tenth  witness  plate. 
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Figure  22.  Side  A  of  the  cross-sectional  view  of  the  target  block  showing  the  penetration  profile  produced 
by  the  Vitreloy  106  shaped  charge. 


Figure  23.  Side  B  of  the  cross-sectional  view  of  the  target  block  showing  the  penetration  profile  produced 
by  the  Vitreloy  106  shaped  charge. 


3.2  Analysis  of  the  Target  Plate  Surfaces 

A  small  section  from  one  of  the  Vitreloy  106  liners  was  subjected  to  chemical  analysis  to  verify 
its  compositional  integrity  and  detect  any  impurities  that  may  affect  its  glass-forming  ability.  It 
is  well  known  that  oxygen  and  carbon  interstitials  in  a  bulk  metallic  alloy  strongly  affect  how 
readily  the  alloyed  bulk  material  can  be  quenched  into  a  vitreous  state  (5).  Table  5  presents  the 
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intended  and  measured  atomic  and  weight  fraction  of  the  elements  in  the  metallic  glass  liner.  All 
metallic  elements  were  measured  with  direct  current  plasma  emission  spectroscopy,  carbon  with 
combustion  infrared  detection,  whereas  oxygen  and  nitrogen  were  measured  with  inert  gas 
fusion. 


Table  5.  Elemental  analysis  of  line  18. 


Element 

Intended 
Composition 
(Atomic  %) 

Actual 
Composition 
(Atomic  %) 

Intended 
Composition 
(Weight  %) 

Actual 
Composition 
(Weight  %) 

Zirconium 

57 

50.4 

67.95 

63.0 

Niobium 

5 

3.10 

6.07 

3.95 

Copper 

15.4 

15.7 

12.79 

13.7 

Nickel 

12.6 

13.1 

9.66 

10.5 

Aluminum 

10 

14.1 

3.53 

5.22 

Oxygen 

- 

- 

0.076 

Nitrogen 

- 

- 

0.007 

Carbon 

- 

- 

0.025 

Titanium 

- 

2.06 

- 

1.35 

Hafnium 

- 

0.009 

- 

0.023 

Vitreloy  106  has  an  intended  composition  of  Zr57Nb5Cui5.4Nii2.6Alio,  given  in  atomic  percents, 
or  Zr67.95Nb6.07Cu12.79Ni9.66Al3.53  in  weight  percents.  As  the  chemical  analysis  shows,  the  liner 
only  marginally  meets  the  intended  composition.  Trace  quantities  of  Ti  and  Hf  were  detected, 
and  considerable  amounts  of  the  interstitials  were  found  as  well. 

After  the  witness  plates  from  the  experimental  program  were  sectioned,  regions  near  the  erosion 
surfaces  and  underlying  steel  substrates  were  examined  with  scanning  electron  microscopy  and 
energy  dispersive  X-ray  spectroscopy. 

Results  show  that  in  the  first  two  experimental  shots,  early  dispersion  of  the  jet  during  the  initial 
collapse  and  flight  caused  the  Vitreloy  106  alloy  material  to  be  less  effective  by  the  time  it 
reached  the  target  stack  (witness  plates).  Consequently,  in  shot  3618,  most  of  the  damage  was 
imparted  to  the  shallow  top  layer  of  the  first  witness  plate,  with  relatively  little  erosion  and  minor 
pitting  only.  Small  pits  were  either  empty  or  discolored  with  a  thin  coating  of  the  Vitreloy  106. 
Generally,  deeper  pits  contained  small  but  heavily  oxidized  liner  fragments. 

The  depth  of  penetration  from  the  liner  in  shot  3619  was  much  improved.  The  damage  was  more 
extensive,  but  the  appearance  of  the  affected  surfaces  was  similar  to  those  described  previously. 
Additionally,  some  of  these  fragments  had  rounded  edges  and  a  molten  appearance.  Finer 
particulate  debris  was  found  to  adhere  on  larger  erosion  surfaces.  These  surfaces  were  clearly  a 
result  of  a  combination  of  particulate  erosion,  impact,  and  dynamic  flow. 

Unlike  the  first  two  diagnostic  tests,  the  third  test,  shot  3620,  generated  much  smoother  erosion 
surfaces.  Although  no  large-scale  debris  or  particulate  matter  was  found  on  these  surfaces,  the 
tell-tale  bluish  discoloration  was  still  present.  Regions  from  witness  plates  A-2,  A-3,  and  A-8  of 
figure  22  were  scrutinized  to  a  greater  extent.  (See  appendix  A  for  a  close  view  of  each 
sectioned  witness  plate.) 
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In  this  shot,  by  the  elimination  of  the  large  stand-off  distance,  excessive  dispersion  of  the  liner 
material  was  circumvented.  Consequently,  more  of  the  kinetic  energy  was  converted  into 
penetration.  As  the  jet  particulates  erode  the  surface  and  come  to  rest  in  the  target  cavity  because 
of  subsequent  latent  heating  in  the  target  and  depending  on  the  available  heat,  the  metallic  glass 
undergoes  partial  or  complete  melting.  Typically,  when  a  vitrified  metallic  glass  is  heated  above 
its  glass  transition  temperature,  its  viscosity  decreases  several  orders  of  magnitude.  Then,  it  is 
not  unreasonable  to  expect  that  this  viscous  solid  could  easily  flow  over  the  free  surface  of  the 
steel  target.  As  presented  in  figures  24  through  27,  in  certain  areas,  the  bulk  metallic  glass  liner 
at  some  time  flowed,  coated,  and  alloyed  with  the  steel  witness  plate.  In  such  a  region,  following 
this  erosion  process,  the  molten  and  resolidifying  metallic  glass  intermixed  and  alloyed  with  the 
steel.  The  intermixed  region  contained  voids  and  mostly  large  crystalline  structures.  Qualitative 
analysis  of  this  intermixed  region  on  the  surface  consisted  of  the  elemental  components  of  the 
bulk  metallic  glass  and  steel.  Within  the  alloy  material,  there  was  less  iron  present,  whereas,  in 
the  subsurface  steel  region,  analysis  revealed  iron  and  manganese,  consistent  with  the 
composition  of  the  RHA  plate.  Note  the  presence  of  cracks  along  the  interface  between  intermix 
region  and  the  primary  metallic  glass  layer  that  likely  formed  because  of  the  strong  differences 
between  thermal  properties  of  the  materials  during  cooling. 
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Figure  24.  Secondary  electron  micro  graph  of  a  subsurface  region  of  the  A-2  witness  plate  is  displayed. 
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Figure  25.  Secondary  electron  micro  graph  of  a  subsurface  region  of  the  A-2  witness  plate  displayed 
in  figure  24,  with  the  corresponding  energy  dispersive  X-ray  spectroscopic  analyses  for 
the  top  intermix  layer. 
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Figure  26.  Secondary  electron  micro  graph  of  a  subsurface  region  of  the  A-2  witness  plate  displayed  in 

figure  24,  with  the  corresponding  energy  dispersive  X-ray  spectroscopic  analyses  for  penetrating 
Vitreloy  106  alloy. 
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Figure  27.  Secondary  electron  micro  graph  of  a  subsurface  region  of  the  A-2  witness  plate  displayed  in 
figure  24,  with  the  corresponding  energy  dispersive  X-ray  spectroscopic  analyses  for  the  steel 
substrate. 

Similar  examination  of  a  section  from  the  A-3  witness  plate  shows  the  intermixing  of  the  steel 
with  the  molten  metallic  glass.  Figures  28  and  29  illustrate  that  in  this  region,  the  bulk  metallic 
glass,  alloyed  more  with  iron  from  the  steel  plate,  is  in  a  completely  devitrified  state.  This  is 
quite  expected  because  even  though  the  required  high  cooling  rates  may  be  present  on  the  free 
surface  to  quench  into  an  amorphous  state,  the  shift  away  from  the  intended  alloy  composition 
would  likely  degrade  the  alloy’s  glass-forming  ability.  Note  that  the  dissolution  of  the  iron  from 
the  steel  would  lower  the  melting  point  of  the  metallic  glass.  The  higher  magnification  image 
reveals  a  heterogeneous,  interpenetrating  dendritic  structure.  Additional  images  of  the  A-8 
witness  plate  in  figures  30  through  32  further  exemplify  that  the  dendritic  regions  are  strongly 
affected  by  the  composition  and  local  cooling  rates.  It  is  purely  speculative,  but  the  dendrites  in 
figure  3 1  most  likely  nucleated  on  the  central  particle  cluster  and  the  undercooling,  required  for 
solidification,  was  such  that  they  could  grow  to  fairly  large  dimensions.  In  contrast,  closer  to  the 
steel  plate  (see  figure  32),  cooling  was  faster;  therefore,  the  crystal  size  is  somewhat  smaller  and 
more  equiaxed. 
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Figure  28.  Backscattered  electron  micro  graph  of  a  surface  region  on  the  A-3  witness  plate 
from  appendix  A  is  displayed. 


S4700  20.0kV  1 2.3mm  xl  .50k  YAGBSE  3/30/2006  1 0:42  30.0um 


Figure  29.  Backscattered  electron  micro  graph  of  a  surface  region  on  the  A-3  witness  plate  from 
appendix  A  is  displayed  with  a  higher  magnification  image  of  the  fine  structure. 
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Figure  30.  Backscattered  electron  micro  graph  of  a  surface  region  on  the  A-8  witness  plate  is  displayed. 


i  i  i  i  i  i  i  i  i  i  r 

S4700  20.0kV  1 2.6mm  x5.00k  YAGBSE  3/30/2006  09:39  1 0.Oum 


Figure  3 1 .  Backscattered  electron  micro  graph  of  a  surface  region  on  the  A-8  witness  plate 

displayed  in  figure  30  with  a  higher  magnification  image  of  the  fine  structure  from 
Region  A. 
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Figure  32.  Backscattered  electron  micro  graph  of  a  surface  region  on  the  A-8  witness  plate 

displayed  in  figure  30  with  a  higher  magnification  image  of  the  fine  structure  from 
region  B. 


3.3  Erosion  Mechanism  of  the  Metallic  Glass  Liner  Material 

As  revealed  by  flash  X-ray  radiographs  and  relatively  poor  penetration  results  in  shots  3618  and 
3619,  it  was  surmised  that  the  liner  particulates  in  a  highly  nonuniform  manner.  This  may  be 
attributed  to  poor  quality  of  the  liner  dimensions,  trapped  porosity,  imprecise  composition,  and 
possibly  high  oxygen  content.  The  high  oxygen  content  of  the  liner  is  indicative  that  the  as-cast 
liner  was  most  likely  not  fully  amorphous. 

As  was  seen  in  shot  3620,  when  the  distance  between  the  detonating  charge  and  target  was 
reduced,  penetration  effectiveness  improved.  The  smooth  surface  of  the  penetration  tunnel  from 
shot  3620  indicated  that  unlike  the  long  stand-off  scenarios  of  shots  3618  and  3619,  the  erosion 
by  the  dispersed  jet  was  more  effective.  Figure  33  illustrates  a  fine  channel  generated  by  a 
metallic  glass  particle  penetrating  into  the  steel  target  plate.  The  atomic  number  contrast  in  the 
channel  is  indicative  of  post-penetration  alloying  of  the  metallic  glass  with  steel. 
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S4700  20.0kV  1 8.1  mm  x350  YAGBSE  3/31  /2006  07:58  1 0Oum 


Figure  33.  Backscattered  electron  micro  graph  of  a  surface  region  on  the  A-8  witness  plate,  from 
appendix  A,  showing  penetration  of  the  steel. 


4.  Conclusions 


An  experimental  study  was  conducted  to  evaluate  the  effectiveness  of  a  bulk  metallic  glass  as  a 
shaped  charge  liner.  Results  show  that  the  zirconiam-based  Vitreloy  106  liner  behaved  similar  to 
particulating  jets  made  from  pressed  powder  liner  materials.  It  was  found  that  the  liners  were 
non-precision  quality  which  contributed  to  their  unremarkable  performance.  Jet  formation  was 
asymmetric  and  the  particles  in  the  jet  were  nonuniform  in  size  and  dispersion. 

These  preliminary  tests  revealed  key  aspects  of  the  fundamental  penetration  behavior  of  bulk 
metallic  glasses  in  a  shaped  charge  configuration.  The  interaction  between  the  metallic  glass  and 
steel  plate  is  undergoing  continued  investigation.  Similarly,  additional  tests  with  higher  quality 
liners  including  better  dimensional  tolerances,  alternate  geometries  (to  subject  the  liner  to  lower 
strains,  strain  rates,  pressure,  and  temperature)  and  lower  impurity  levels  are  being  considered. 
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Appendix  A.  Close  View  of  Each  of  the  Witness  Plates 


Figure  A-l .  Matching  halves  of  the  cross-sectional  view  of  the  first  witness  plate. 


Figure  A-2.  Matching  halves  of  the  cross-sectional  view  of  the  second  witness  plate. 
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Figure  A-3.  Matching  halves  of  the  cross-sectional  view  of  the  third  witness  plate. 


Figure  A-4.  Matching  halves  of  the  cross-sectional  view  of  the  fourth  witness  plate. 


Figure  A-5.  Matching  halves  of  the  cross-sectional  view  of  the  fifth  witness  plate. 
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Figure  A-6.  Matching  halves  of  the  cross-sectional  view  of  the  sixth  witness  plate. 


Figure  A-7.  Matching  halves  of  the  cross-sectional  view  of  the  seventh  witness  plate. 


Figure  A-8.  Matching  halves  of  the  cross-sectional  view  of  the  eighth  witness  plate. 
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Figure  A-9.  Matching  halves  of  the  cross-sectional  view  of  the  ninth  witness  plate. 
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